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Republic of China; and kInstitute of Physics, Academia Sinica, Taipei, Taiwan, Republic of ChinaABSTRACT The mechanism underlying DNA charge transport is intriguing. However, poor conductivity of DNA makes it diffi-
cult to detect DNA charge transport. Metallic DNA (M-DNA) has better conducting properties than native DNA. Ni2þmay chelate
in DNA and thus enhance DNA conductivity. On the basis of this finding, it is possible to reveal the mechanisms underlying DNA
charge transport. The conductivity of various Ni-DNA species such as single-stranded, full complement, or mismatched
sequence molecules was systematically tested with ultraviolet absorption and electrical or chemical methods. The results
showed that the conductivity of single-stranded Ni-DNA (Ni-ssDNA) was similar to that of a native DNA duplex. Moreover,
the resistance of Ni-DNA with a single basepair mismatch was significantly higher than that of fully complementary Ni-DNA
duplexes. The resistance also increased exponentially as the number of mismatched basepairs increased linearly after the
tunneling current behavior predicted by the Simmons model. In conclusion, the charges in Ni2þ-doped DNA are transported
through the Ni2þ-mediated pp stacking corridor. Furthermore, Ni-DNA acts as a conducting wire and exhibits a tunneling
barrier when basepair mismatches occur. This property may be useful in detecting single basepair mismatches.INTRODUCTIONDNA is one of the most promising one-dimensional nano-
materials because of its adjustable length and self-
assembly properties (1–3). It may be useful as a one-
dimensional nanowire or nanodevice in electronic applica-
tions; however, it is of great interest to reveal the electrical
conduction mechanism of DNA. Recently, both experi-
mental and theoretical studies have demonstrated the con-
ducting behavior of DNA molecules (3–13), yet the
mechanism underlying electrical transport remains unclear
(3,14). Furthermore, the conductivity of DNA increases
dramatically when it is doped with metal ions to form
metallic DNA (M-DNA) (10,15,16). As discovered by
Lee et al. (17), DNA can be converted into M-DNA by
incorporating divalent metal ions (Zn2þ, Ni2þ, and Co2þ)
into DNA basepairs at pH levels >8.5, whereby divalent
metal ions replace imino protons of the bases in the
DNA helix, forming a stable tetrahedral geometry (18).
The higher conductance of M-DNA compared to native
DNA has been demonstrated by fluorescence assays and
electrochemical analyses (18–20). These findings suggest
that metal ions in DNA play a vital role in facilitating elec-
tron transport. Because the conducting behavior of M-
DNA is similar to that of a semiconductor with conducting
barriers (10), it probably can be used in metal-containing
nanowire systems.Submitted July 19, 2010, and accepted for publication January 3, 2011.
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0006-3495/11/02/1042/7 $2.00Electrochemical analysis combined with a self-assem-
bled monolayer (SAM), which develops on a conducting
surface, has been widely used to directly monitor the
conductivity of organic polymers (21–26). For example,
the kinetics of charge transfer through a polymer can be
analyzed by monitoring redox indicators in solutions
(27,28). In addition, analysis of the electrochemical imped-
ance spectrum (EIS) and the equivalent circuit of electro-
lyte-electrode interface have been widely used to reveal
the interfacial interactions between SAM-modified elec-
trodes (10,15,19,29,30). Because the conformation of the
SAM structure and redox probes may also affect signal
detection (31), suitable detection parameters for metal-
doped DNA are required.
In this study, Ni-doped DNA (Ni-DNA) was used to study
the conducting mechanism of M-DNA. The conductivity of
DNAwas enhanced by doping it with Ni2þ to form Ni-DNA
(17,18). The changes in the conductivity of Ni-DNA with
various double or single strands and basepair mismatches
were studied to investigate the mechanism underlying
charge transport through Ni-DNA. The results indicated
that charge transport within the Ni-DNA occurs through
the Ni2þ-mediated p-p stacking corridor. Further, a single
basepair mismatch of G-A or G-T can be detected.MATERIALS AND METHODS
Materials
All the oligodeoxyribonucleotides—containing 28 or 30 nucleotidyl
units—used in this study were purchased from Bio Basic (Markham,
Ontario, Canada). These nucleotides had various sequences and a thioldoi: 10.1016/j.bpj.2011.01.005
Charge Transport in Ni-DNA 1043group at either the 30 or 50 end for covalent attachment to a gold surface
(Table 1). The nucleotides were purified by polyacrylamide gel electropho-
resis before use. Nickel chloride (NiCl2) and other chemicals were
purchased from Sigma (St. Louis, MO).Ultraviolet visible spectroscopy
Nickel-chelated single-stranded DNA (Ni-ssDNA) (5 mM) was produced
from ssDNA (both Poly-AC and Poly-TG (Table 1)) by immersing ssDNA
in 20 mM Tris-HCl (pH 9.0) and 5 mM NiCl2 buffer for 8 h. The samples
were dialyzed against 500 mL buffer (20 mM Tris-HCl) for 24 h, and the
buffer was changed every 8 h at 4C to remove the excess Ni2þ. The ultra-
violet (UV) absorption of the samples was measured from 220 nm to
320 nm using a UV-visible spectrophotometer (V-550, JASCO, Tokyo,
Japan).
To reveal the Ni2þ chelation ratio and Ni2þ-DNA binding affinity,
various concentrations of NiCl2, from 4.9 mM to 5 mM (final concentra-
tion), were incubated with 30-bp DNA (P-fc (Table 1), 10 mg (2.9 mM))
in 20 mM Tris-HCl (pH 9.0) for 8 h. The UV absorption of the samples
was measured by the method mentioned previously. Each spectrum of
Ni-DNA sample was deducted the background absorption of Ni ions buffer
in the same concentration. The red shifts of UV absorption spectra were
analyzed with the peak deconvolution method by Origin 7.5 mathematics
software (Origin Lab, Northampton, MA) and the UV absorption ratios
between 260 nm and 274 nm, the red shifts, were revealed. Furthermore,
the relative Ni ion chelation abundance curve (OD274/OD260) was fitted
with a sigmoid curve by the Gaussian distribution function and the binding
ratio and dissociation constant were revealed. The fitted saturation line was
normalized as 1.Preparation of DNA-coated gold electrodes
A gold electrode disk of diameter 2 mm (CH101; CH Instruments, Austin,
TX) was polished with alumina powder (0.05–1 mm; Chun Kuang Tech-
nology, Taiwan, Republic of China) to obtain a smooth gold surface, which
was then electrochemically polished by potential cycling scanning (0.2 V
to 1.5 V) in a 0.5-M H2SO4 solution at a voltage scan rate of 100 mV/s (32).
DNA duplexes, with a thiol group at either the 30 or 50 end, were formed by
hybridization in which the complementary primers were heated to 95C for
5 min and then annealed at room temperature in a solution containing 0.1 M
phosphate-buffered saline (PBS; pH 7.0). To produce a DNA SAM, theTABLE 1 Samples of the custom-designed DNA sequences
used in this study
Symbol Oligonucleotide sequence
Poly-AC 50 ACACACACACACACACACACACACACACAC 30
Poly-TG 50 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 30
P-ss 50 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 30-SH
P-fc 50 TGTGTGTGTGTGTGTGTGTGTGTGTGTGTG 30-SH
ACACACACACACACACACACACACACACAC
R-fc SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATTTTGCTGCCGGTCACTTAAC
R-AC SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATTTCGCTGCCGGTCACTTAAC
R-2AC SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATTCCGCTGCCGGTCACTTAAC
R-3AC SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATCCCGCTGCCGGTCACTTAAC
R-GT SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATTTTGCTGTCGGTCACTTAAC
R-GA SH-50 ACGTTGTAAAACGACGGCCAGTGAATTG 30
TGCAACATTTTGCTGACGGTCACTTAACsurface of the previously cleaned gold electrode was covered with 2 mM
DNA solution or ssDNA solution and capped tightly to keep it moist and
to prevent evaporation of the buffer. After incubation with the DNA coating
for 8 h, the modified gold electrode was immersed in 0.1 M PBS for 10 min
and dipped in distilled water twice to remove the physically absorbed
molecules.
To quantify the DNA molecules that bound to the gold electrode and
formed a SAM, a quartz-crystal microbalance (QCM) (QCM922, Ametek,
TN) with a gold electrode (area 0.2 cm2) was used in this study. The DNA
SAM structure was formed by performing an identical procedure mentioned
earlier.
The DNA on the gold surface was converted to Ni-DNA or Ni-ssDNA by
immersing the electrode in a solution of 20 mM Tris-HCl and 5 mM NiCl2
at pH 9.0 for 8 h. The electrode was then washed with 20 mM Tris-HCl
buffer twice to remove excess Ni2þ.Electrochemical analysis
All electrochemical measurements were performed using a potentiostat/
galvanostat (273A, EG&G, Gaithersburg, MD) and a frequency generator
(1025, EG&G) in an electrolyte made up of 100 mM KNO3 and 5 mM
K3[Fe(CN)6] (as a redox probe). The data were recorded on a personal
computer for later analysis. Platinum and Ag/AgCl were used as the counter
and reference electrodes, respectively. Various Ni-DNA-modified gold elec-
trodes were used as working electrodes. Cyclic voltammetry (CV) was used
to study DNA conductivity. During the CV process, the sweeping potential
ranged from300 mV to 600 mVat a scan rate of 20 mV/s, and the range of
potential was reversed for the K3[Fe(CN)6] redox probe. All EIS were
measured using a 5-mV sinusoidal driving voltage in the frequency range
of 100 kHz to 0.01 Hz and at a direct-current bias of 220 mV versus the
Ag/AgCl reference electrode.RESULTS AND DISCUSSION
Ni2D binding to GT bases of ssDNA
The UVabsorption spectra were obtained for native ssDNA
and Ni-ssDNA (Fig. 1, A and B). The absorption peaks in the
spectra represent the excitation energy between the p state
and the p* state in the conjugated double-bond system of
purine (A or G) and pyrimidine (T or C) bases (33). The
maximum absorption peak of native ssDNA (Poly-AC)
was ~260 nm (Fig. 1 A); this peak was formed by the overlap
of the UV absorption peaks of the bases A and C (Fig. 1 A,
inset). There were no differences between the peaks of
native ssDNA and those of Ni-ssDNA. However, in poly-
TG, a red shift of the absorption peak was observed after
native ssDNA was converted to Ni-ssDNA (Fig. 1 B). The
band gap between the highest occupied molecular orbital
and the lowest unoccupied molecular orbital of the ssDNA
molecules was reduced when the ssDNA was doped with
metal ions, consistent with the results of Alexandre et al.
(14). These results indicated that Ni2þ ions can bind only
to the T and G bases in the DNA sequences, as reported
by Lee et al. (11,34), and that the Ni ions replace the imino
protons of the T and G bases to form M-DNA (18). Further-
more, the Ni2þ chelation assay indicates that the saturation
concentration is ~82.36 mM, for the 30-bp DNA (2.9 mM)
(Fig. 1 C). To be specific, each DNA molecule (30 bp)
bound with ~28.4 Ni ions. Each basepair except for thoseBiophysical Journal 100(4) 1042–1048
FIGURE 1 Ultraviolet-visible spectroscopic analysis of native ssDNA,
Ni-ssDNA, and Ni-DNA. (A and B) Poly-AC (A) and Poly-TG (B) spectra,
with open squares and circles denoting the ssDNA of poly-AC and poly-
TG, respectively, and solid squares and circles denoting the Ni-ssDNA of
poly-AC and poly-TG, respectively. (Insets) Absorption peaks. (C) Relative
Ni ion abundance of Ni-DNA (P-fc) versus Ni ion concentration. (Insets)
UV absorption peaks from the Ni ion concentration from 4.9 mM to
5 mM (shift from left to right). The saturation line was normalized as 1.
Gray dotted lines denote the trend lines for Ni ions bound to DNA; arrow
denotes the point of saturation concentration of Ni ions.
1044 Tseng et al.at both termini of the DNA bound with one Ni2þ. Therefore,
the 5 mMNiCl2 used in this study had reached the saturation
concentration, and this approach made the Ni2þ chelation
more efficient. The dissociation constant for Ni ions bound
to DNA is ~6.36 mM. Results of the Ni ion chelation assay,
which is well fitted with a Gaussian function and the flat
saturation line indicating that the affinity of physical absorp-
tion of Ni ions to the DNA is weak, shall be ignored. There-Biophysical Journal 100(4) 1042–1048fore, washing the samples with excess buffer twice may be
sufficient to remove physically absorbed Ni2þ.Well-stacked basepairs enhance the conductivity
of Ni-DNA
According to Peterson’s study, surface coverage of DNA
molecules depends on the ionic strength of the solution
and the time of immobilization (35). According to the
previous study (35), maximum probe coverage is achieved
(~2.75  1012 probe molecules/cm2) when the concentra-
tion of NaCl is 1 M and the immobilization duration is
2 h. In this study, we determined the DNA density of the
SAM incubated in 0.1 M PBS buffer (containing 1 M
NaCl) and immobilized on a gold electrode for 8 h. The
changes in the resonance frequency (Df) determined by
measuring the QCM and ~89.89 5 5.06 Hz (n ¼ 3) and
~9.18 10125 5.17 1011 (n¼ 3) molecules/cm2 accord-
ing to the Sauerbrey equation (36):
Df ¼ 2f
2
0 Dm
A

mqrq
1=2; (1)
where Df denotes the change in the resonance frequency
(Hz), f0 is the basic resonance frequency, Dm is the mass
of the molecules absorbed onto the gold electrode (g/cm2),
A is the surface area of the electrode (cm2), mq is the shear
coefficient of the quartz crystal of QCM (g/cm  s2), and rq
is the density of the quartz crystal.
After 8 h of incubation, the probe coverage was 9.18 
1012 molecules/cm2; this is higher than that observed in
a previous study (~2.75  1012 molecules/cm2) (35,37)
when the incubation duration was 2 h. This indicates that
a longer incubation time has higher coverage under the
same conditions.
Based on the results of previous studies (8–10,20,34), it
was believed that Ni-DNA would have better conductivity
than the native form and that the doped metal ions play a vital
role in facilitating electron transport. However, themetal ions
not only may enter DNA basepairs but also may bind to the
phosphate backbone by electrostatic attraction (38) during
the metallization process. Thus, both types of Ni2þ doping
may contribute to the improvement in DNA conductivity.
We found that the CV curve of the bare gold electrode
(Fig. 2 A, inset) included the reduction (Ep.c) and oxidation
(Ep,a) peaks of (Fe(CN)6)
3/4 (reversible redox reaction)
duringpotential sweeps,whereas the redox peaks disappeared
after the gold surface was coated with native ssDNA (P-ss) or
fully complementary DNA (P-fc) SAMs (Fig. 2, A and B).
This indicated that the native-DNA SAMs acted as barriers
against penetration of the redox probe (10,37) and that the
gold surface was completely blocked by the native DNA.
The native-DNA SAMs may provide an insulating layer to
the gold electrode surface, and thus, less charge transfer
would occur between the redox probe and the gold electrode.
FIGURE 2 CVs of DNA SAMs modified with a gold electrode in the
(Fe(CN)6)
3/4 system. (A) ssDNA (dash-dotted line) and Ni-ssDNA (solid
line). (B) Full-complementary DNA (P-fc; dash-dotted line) and Ni-DNA
(solid line). (Inset) CV of the bare gold electrode.
FIGURE 3 EIS of Ni-DNA (R-fc) and its mismatch derivatives R-AC, R-
2AC, and R-3AC. (Inset) Modified Randles equivalent circuit. All
sequences are shown in Table 1. Open circles denote Ni-DNA (R-fc); solid
circles denote Ni-DNA (R-AC); solid triangles denote Ni-DNA (R-2AC),
and solid squares denote Ni-DNA (R-3AC). Lines denote the fitting results.
Charge Transport in Ni-DNA 1045After Ni2þ doping, the CV curve of the Ni-ssDNA was
almost the same as it was for the native form (Fig. 2 A),
whereas the oxidation peak of the redox probe was observed
in theNi-DNA (Fig. 2B). Therefore, the charges can be trans-
ferred between the redox probes and the gold electrode
through the Ni-DNA. Although the ssDNA and DNA mole-
cules were incubated in the same Ni2þ solution (pH 9.0),
and the nickel ions might bind to the phosphate backbone
(38) or the nucleotide bases of the ssDNA, there was no
charge transport via Ni-ssDNA (Fig. 2 A). The only reason
for this is that the nickel ions were inserted into the DNA
duplex with well-stacked basepairs, and DNA conductivity
was enhanced (Fig. 2 B) (10,18,20). Meanwhile, there may
be few physically absorbed Ni ions at the phosphate back-
bone of the DNA (38); their binding affinities are weak and
do not affect the electron transport and thus can be ignored.
The insertion of nickel ions, therefore, acts as a bridge to
facilitate the transportation of charge through the ordered
p-electron system of basepair stacking (39) and dominates
the conduction behavior of Ni-DNA. On the basis of the
red shift of UV absorption spectra, we think that the incor-
poration of metal ions may result in a reduction of the orig-
inal DNA band gap and also an increase in the overlap
between the p states of the bases (14). These results indicatethat the incorporation of nickel ions converts double-
stranded DNA into a conducting wire through the improve-
ment in charge transport via the p-p stacking corridor.
Moreover, after the SAM is formed, its structure may
prevent Ni2þ release from Ni-DNA; hence, there are fewer
Ni2þ ions in the solution. The Berliner Blue complex
(Ni3(Fe(CN)6)2) may be formed, but the relative amount is
extremely small and can be neglected. The complex has
very low solubility (Ksp ¼ 1.3  1015) (40), and even
a small amount may precipitate at the bottom of the reaction
chamber. However, the proposed blue precipitate was not
observed in our study. Moreover, the gold electrode is
placed at the top of the reaction chamber and made to
face the bottom of the tube. Therefore, formation of the
Berliner Blue complex may not affect our detection.Electron tunneling through the discontinuity
of the Ni2D-mediated p-p stacking corridor
To further confirm the conducting mechanism, electric
behavior of Ni-DNA was investigated after introducing
basepair mismatches to avoid nickel ion chelating and create
obstacles in the path of the p-p stacking corridor. The
charge transfer resistance of Ni-DNA was inspected by
EIS, and the electrical behavior of the DNA SAMs on
a gold surface was fitted by a modified Randles equivalent
circuit (Fig. 3, inset) (10,20,24). The EIS of both fully
complementary Ni-DNA and the mismatched sequences
(R-AC, R-2AC, or R-3AC) were well simulated by the
modified Randles equivalent circuit (Fig. 3). Therefore, all
electrical parameters of the DNA-modified gold electrodes
were extracted from the impedance spectrum results and
were based on this model. The calculated conducting resis-
tance (R) of the Ni-DNAs was 0.93, 1.40, 2.66, and 5.34 MU
for fully complementary, single A-C mismatches, two A-C
mismatches, and three A-C mismatches, respectively. In
other words, the resistance of Ni-DNA increased when theBiophysical Journal 100(4) 1042–1048
1046 Tseng et al.number of successive mismatched basepairs increased. This
confirms our findings that the charge transfer in Ni-DNA
goes through the Ni2þ-mediated p-p stacking corridor. If
a basepair mismatch occurs in a DNA sequence, the mis-
matched site may cause distortion of the p-stack (41,42)
and serve as a potential barrier for charge transport
(Fig. 4 A). When F was defined as the barrier height for
the A-C mismatch and the barrier width (d) was estimated
as 6.8 A˚, 10.2 A˚, and 13.6 A˚ for one A-C, two A-C, and
three A-C mismatches, respectively, from an x-ray structure
(43), the resistance of the mismatched Ni-DNA increased
exponentially with respect to the barrier width (Fig. 4 B).
Previous theoretical studies indicate that electrons are
transported within the native DNA, and molecular calcula-
tion studies generally accept that DNA conductivity can
be explained by the tunneling model (44,45). We mentioned
in our study that charge transfer in Ni-DNA occurs through
the Ni2þ-mediated p-p stacking corridor and a basepair
mismatch in the DNA sequence; the mismatched site may
cause distortion of the p-stack (41,42) and result in a gap
serving as a potential barrier for charge transport (Fig. 4 A).
Hence, the resistance change in a single-basepair mismatch
can be revealed by the tunneling model. The detailed mech-
anism derived is shown below.FIGURE 4 (A) A schematic illustration of the mismatch-induced poten-
tial barrier in Ni-DNA. (The spheres represent Ni ions.) (B) Charge trans-
port resistances of Ni-DNA increase exponentially with the width of the
barrier induced by basepair mismatches. Numbers after the5 sign are stan-
dard deviations (N ¼ 3).
Biophysical Journal 100(4) 1042–1048Based on Simmons electric tunnel effect model (46,47),
when two conducting electrodes (Ni2þ chelating in the base-
pairs of DNA) are separated by a sufficiently thin gap (the
span between basepairs of DNA), current can flow between
the two electrodes by means of the electric tunneling effect.
Meanwhile, the potential barriers in tunnel junctions,
current density j, and voltage in a tunnel junction can be
presented as
j ¼ j0
n
F exp
AF1=2ðFþ eVÞ exphAðFþ eVÞ1=2io;
(2)
where F denotes the mean value of the potential barrier in
tunnel junctions, V denotes the voltage across the gap,
j0 ¼ ½e=ð2phÞ 

1=ðcDdÞ2; (3)
A ¼ ½ð4pcDdÞ=hð2mÞ1=2; (4)
and
c ¼ 1 1=8F2Dd
Z d2
d1
½4ðxÞ  F2dx; (5)
m is the mass of the electron, h is Planck’s constant, and Dd
is the distance between two barrier limits at the Fermi level.
In this study, V across the gap is relatively small. There-
fore, Eq. 2 reduces to
j ¼ jLF1=2Vexp
AF1=2 (6)
where jL ¼ ð2m1=2=DdÞðe=hÞ2,F ¼ ð41 þ 42Þ=2, and Dd¼
d. 41 and 42 are the barrier heights at the interfaces between
electrodes 1 and 2, respectively, and the insulator (the
vacancy in the empty gap between basepairs of DNA; and
d is the gap between the nickel ions (electrodes) at either
side of the mismatched basepairs of DNA.
Therefore,
j ¼ e2=dh2½2mF1=2Vexph ð4pd=hÞðmFÞ1=2i: (7)
In Eq. 7, it is assumed that m, 41, and 42 in both electrodes
are constants and independent of energy. Therefore, the
current density, j, is a linear function of V. The resistance,
R, is Ohmic. According to Ohm’s law, for a constant voltage
V, R can be expressed as
Rfj1
RfexpðbdÞ (8)
where b denotes the constant ð4p=hÞð2mFÞ1=2.
Therefore, when the basepair mismatch increases, the
distance d increases linearly, and consequently, the resistance
of Ni-chelating DNA increases exponentially. This result is
consistent with the Simmons model and our derivation.
Therefore, we may assume that the electric passage through
the vacant space of DNA follows the tunneling model.
Charge Transport in Ni-DNA 1047Moreover, this tunneling mechanism also indicates that
the gap between each two nickel ions in the space between
basepairs of DNA is small and will be constant. Nickel ions
will bind to all binding sites in Ni-DNA, the basepairs of
which are shown in Fig. 4 A. On the other hand, if the nickel
ions chelate randomly with a lot of vacancy, d of Ni-DNA
varies, and the resistance fluctuates significantly. However,
this phenomenon was not observed in our study. Therefore,
we assume that each basepair chelated one nickel ion in Ni-
DNA. This is consistent with our experiment mentioned
previously (35).
The fitting results are shown by a solid line in Fig. 4 B.
The b value was ~0.30 A˚1, which is consistent with the
findings for the p-stack-mediated charge transfer in native
DNA (44,46). These results also suggest that the sensitivity
of Ni-DNA-mediated charge transfer relies on the stacking
and basepair stability within the DNA helix.Identification of G-T and G-A mismatches
by Ni-doped DNA
According to the conducting mechanism of Ni-DNA, it is
possible to use Ni-DNA as a biosensor to detect mismatches.
For example, conventional DNA/DNA hybridization
approaches do not facilitate easy detection of a single G-A
or G-T mismatch, because DNA with a single basepair
mismatch has high thermodynamic stability (45,48).
However, such a mismatch can be readily identified in
Ni-DNA by EIS analysis (Fig. 5). The calculated resistances
(R-GA and R-GT) of the single G-A and G-T mismatched
Ni-DNA (2.07 5 0.06 MU and 1.60 5 0.07 MU, respec-
tively) were both higher than those of a fully complemen-
tary sequence (R-fc; 0.94 5 0.04 MU). It is interesting to
note that a G-T mismatch had less effect on conductivity
than a G-A mismatch. It is known that an A-C (49) or
G-T (50) mismatch can form a stable Wobble basepairing
in nature, causing little conformational change in the back-
bone of its DNA, yet allowing intercalation of Ni2þ into this
basepair structure. With intercalated Ni2þ, the electronicFIGURE 5 EIS of Ni-DNA (R-fc) and its mismatch derivatives R-GTand
R-GA. Open squares, solid circles, and solid triangles represent R-fc, R-GT,
and R-GA, respectively. Lines denote the fitting results.structure of the DNA base-stacking is rather subtly per-
turbed. This perturbation may result in a barrier for DNA-
mediated charge transport, which requires a higher energy
to overcome, as indicated by the increase in charge transfer
resistance. For a homopurine G-A mismatch, carbonyl-
amino, amino-amino, and/or amino-carbonyl basepairs
may be formed (51); the backbone and basepair stacking
may be greatly distorted from their native conformation.
This distortion not only changes the distance between the
flanking nickel ions in the DNA but also blocks the p-p
interactions between the basepairs. Thus, the electrochemi-
cal DNA sensors for detecting mismatches based on
Ni-DNA-mediated charge transport are sensitive to the elec-
tronics of the p-stack.SUMMARY
In this study, UVabsorption spectra of Ni-immersed ssDNA
and dsDNA confirmed that nickel ions can bind to T and G
bases of DNA. Moreover, CV results indicate that the Ni2þ-
mediated p-p stacking corridor provides a path for electron
transport in Ni-DNA, and the EIS data also demonstrate that
the resistance of Ni-DNA increases when basepair
mismatches exist in DNA, forming an obstacle in the con-
ducting channel; this increased resistance can be explained
by the quantum-mechanical tunneling effect using the
Simmons model. Therefore, the conducting mechanism of
metalized DNA is via the Ni2þ-mediated p-p stacking
corridor. We surmise that the native DNA may also follow
a similar mechanism. This mechanism helps us to design
a simple scheme to detect a single basepair mismatch of
G-A or G-T, as well. In this way, it will be possible to diag-
nose some mutation hot spots in specific genes.
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